Context: Women with polycystic ovary syndrome (PCOS) commonly have intrinsic insulin resistance and are recommended to undergo an oral glucose tolerance test (OGTT) for diabetes screening. However, the effect of preconception impaired glucose tolerance (IGT) on pregnancy is still unclear.
ultrasonography (1) . Women with PCOS also frequently manifest metabolic alterations such as insulin resistance, obesity, and metabolic syndrome. Insulin resistance is suggested to be intrinsic of PCOS and play an important role in its pathogenesis (3) , independent of obesity (4) . Such intrinsic insulin resistance places women with PCOS at increased risk of dysglycemia, type 2 diabetes, and cardiovascular diseases (5, 6) . When women with PCOS become pregnant, the pre-existing insulin resistance and glucose intolerance is exacerbated and results in an increased risk of gestational diabetes (7) (8) (9) . Preconception hyperinsulinemia and dysglycemia may also affect endometrial receptivity (10) and place women with PCOS at increased risk of poor fecundity (10) and pregnancy loss (11, 12) . Moreover, in utero exposure to maternal hyperglycemia may increase offspring risk of abnormal glucose intolerance, obesity, and higher blood pressure (13) .
In women with PCOS, diabetes risk may be better detected by oral glucose tolerance test (OGTT) measuring 2-hour glucose level after 75-g glucose load than fasting glucose level alone (14, 15) . Screening with fasting glucose alone may miss .50% of prediabetes and .10% of diabetes as determined by OGTT (15) . OGTT is recommended for diabetes and prediabetes screening in women with PCOS (16) . For those who are seeking fertility, preconceptual OGTT is recommended for all by the Endocrine Society (17) . However, there is still no consensus on whether preconception prediabetes status, such as impaired glucose tolerance (IGT) and impaired fasting glucose (IFG), should be corrected before starting infertility treatment, as the effects on later pregnancy are uncertain. We hypothesized that preconception IGT defined by OGTT would be associated with adverse pregnancy outcomes independent of obesity.
We recently completed a multicenter randomized trial in 1508 women with PCOS comparing fresh vs frozen embryo transfer (FreFro-PCOS) (18, 19) . At baseline, glucose levels at fasting and 2 hours following 75-g OGTT were measured. The pregnancy outcomes were prospectively documented. In the current study, we performed secondary analyses aiming to assess the association between preconception IGT and pregnancy outcomes such as live birth, pregnancy loss, and incidences of gestational diabetes, pre-eclampsia, small for gestational age (SGA), and large for gestational age (LGA).
Materials and Methods

Research design
The FreFro-PCOS study was conducted in 14 academic centers for reproductive medicine in China during June 2013 and July 2015 (ClinicalTrials.gov, NCT01841528). This study was approved by the institutional review boards of all study sites. Written informed consent was obtained from every couple. The design, conduct, and main outcomes of FreFro-PCOS trial have been previously reported in detail (18, 19) . Briefly, a total of 1508 women with PCOS who were undergoing their first cycle of in vitro fertilization (IVF) with or without intracytoplasmic sperm injection were enrolled. PCOS was diagnosed by the presence of menstrual disturbance combined with either hyperandrogenism (hyperandrogenemia and/or hirsutism) or a polycystic ovary on ultrasonography (defined as either an ovary that contains $12 antral follicles or ovarian volume .10 cm 3 ) and exclusion of other causes of hyperandrogenism and ovulation dysfunction. The cutoff value for diagnosis of hyperandrogenemia was based on local laboratory reference of total testosterone, which had been determined before the start of study. Hirsutism was defined by modified Ferriman-Gallwey score .6 (20) . The other exclusion criteria were abnormal intrauterine cavity, a history of unilateral oophorectomy, a history of recurrent spontaneous abortion, and abnormal karyotype. Women who developed a high risk of ovarian hyperstimulation syndrome during ovarian stimulation were also excluded.
At baseline, history of reproduction and infertility and results of physical examination were systematically collected by standardized case report forms. Levels of sex hormones and glucose were measured at local sites as part of clinical evaluation of PCOS. A 75-g OGTT was performed to determine fasting and 2-hour glucose and insulin levels. Glucose levels were measured by hexokinase method and insulin levels by electrochemiluminescence method in all sites. Categories of glucose metabolism were defined according to the 2012 criteria of the American Diabetes Association (21) . For fasting glucose results, normal fasting glucose was defined as fasting glucose level ,100 mg/dL (5.6 mmol/L), IFG as fasting glucose level 100 to 125 mg/dL (5.6 to 6.9 mmol/L), and diabetes as fasting glucose level $126 mg/dL ($7.0 mmol/L). For 2-hour OGTT results, normal glucose tolerance (NGT) was defined as 2-hour glucose level ,140 mg/dL (7.8 mmol/L), IGT as 2-hour glucose level 140 to 199 mg/dL (7.8 to 11.0 mmol/L), and diabetes as 2-hour glucose level $200 mg/dL ($11.1 mmol/L). Homeostasis model assessment of insulin resistance (HOMA-IR) was calculated as: (fasting insulin mIU/L 3 fasting glucose mmol/L)/22.5. A total of 34 women (2.3%) were diagnosed with diabetes. These patients were referred to a diabetes clinic for glycemic control before IVF procedure and excluded from this analysis. Normoglycemia was defined as normal fasting glucose and NGT; isolated IFG (i-IFG) was defined as IFG and NGT.
The detailed procedures of ovarian stimulation, oocyte retrieval, embryo culture, and endometrial preparation were performed as previously described (19) . Briefly, a standard gonadotropin-releasing hormone antagonist protocol was used for ovarian stimulation. Human chorionic gonadotropin (hCG) was administered to induce final oocyte maturation when at least two follicles measured $18 mm. Subjects were randomized to receiving fresh or frozen embryo transfer. For women in the fresh embryo transfer group, embryos were transferred 3 days after oocyte pickup. For women in the frozen embryo transfer, all embryos were frozen after in vitro culture. Frozen-thawed embryos were transferred in the subsequent menstrual cycles after the recovery of ovaries and steroid hormone levels. Up to two day-3 embryos were transferred in both fresh and frozen embryo transfer groups as per American Society of Reproductive Medicine and Chinese guidelines (19, 22) . Luteal phase support with intramuscular progesterone was administered 3 days before embryo transfer until 10 weeks' gestation. All pregnancies were followed up until delivery or termination.
Conception was defined as serum hCG level of .10 mIU/mL at 14 days after embryo transfer. Pregnancy loss among conception was defined as conceptions that end up with miscarriage or induced abortion due to fetal congenital malformation before 28 weeks of gestation. Live birth was defined as delivery of any viable infant at $28 weeks' gestation. The diagnoses of gestational diabetes and pre-eclampsia as well as birth weight were obtained from obstetrical and neonatal medical records. SGA and LGA were determined according to gender and gestational weeks adjusted birth weight reference for Chinese (23) . SGA was defined as birth weight lower than the 10th percentile of referential birth weight.
LGA was defined as birth weight higher than the 90th percentile of referential birth weight.
Data analysis
Normally distributed continuous variables were described as mean 6 standard deviation, and between-group differences were compared by one-way analysis of variance test. For nonnormally distributed continuous variables, medians (25th to 75th percentiles) were presented, and comparisons were done by Kruskal-Wallis test. Post hoc comparisons among groups were performed, and the significance levels were corrected by the Bonferroni method. Categorical variables were described as frequency and percentage and compared by x 2 test among groups. Multivariable logistic regression was performed to adjust for the effect of age, body mass index (BMI), duration of infertility, total testosterone level, and treatment groups (frozen vs fresh embryo transfer). Multivariable logistic regression was performed to adjust for the effect of age, BMI, duration of infertility, total testosterone level, and treatment groups (frozen vs fresh embryo transfer). When we chose the covariates to be adjusted in the multivariable models, we only considered those known and important confounders that are clinically routinely collected. Forward approach with forced enter of the groups of glucose status (i.e., normoglycemia, i-IFG, and IGT) was used in the regression analysis. The P value for covariates entering final models was set at 0.05. The adjusted odds ratio (OR) and 95% confidence intervals (CIs) were presented. The statistically noteworthy level was set at 0.05. All analyses were performed using SPSS (Version 21.0; SPSS Inc., Chicago, IL).
Results
Data on the 2-hour glucose level were missing in 43 women, and data on the fasting glucose level were missing in another 2 women. After excluding the 34 women who were diagnosed with diabetes at baseline, 1429 women were included in this study. Baseline characteristics are listed in Table 1 . A total of 289 women (20.2%) were diagnosed with IGT, 251 women (17.6%) with i-IFG, and 889 women (62.2%) with normoglycemia. Patients with IGT were older (P = 0.02 for IGT vs normoglycemia and P = 0.001 for IGT vs i-IFG) and had a longer duration of infertility (P , 0.001 for IGT vs normoglycemia and P = 0.016 for IGT vs i-IFG) e Data are median (25th percentile to 75th percentile).
f A total of 23 women with normoglycemia (2.6%), 4 women with i-IFG (1.6%), and 6 women with IGT (2.1%) did not undergo embryo transfer.
and higher levels of total testosterone (P = 0.005 for IGT vs normoglycemia and P = 0.02 for IGT vs i-IFG) and 2-hour insulin (P , 0.001 for both IGT vs normoglycemia and IGT vs i-IFG) than women with normoglycemia or i-IFG. Women with normoglycemia had lower BMI (P , 0.001 for both normoglycemia vs IGT and normoglycemia vs i-IFG), lower fasting insulin (P , 0.001 for both normoglycemia vs IGT and normoglycemia vs i-IFG), and lower HOMA-IR (P , 0.001 for both normoglycemia vs IGT and normoglycemia vs i-IFG) than women with IGT or i-IFG. The number of oocytes retrieved, the number of embryo transferred, and the proportion of frozen embryo transfer were comparable among three groups.
Conception rate and proportion of twin pregnancies
The conception rates in women with IGT, i-IFG, and normoglycemia were 60.6%, 72.9%, and 65.4%, respectively (P = 0.010) ( Table 2 ). The conception rate in women with IGT was lower than that in women with i-IFG (OR 0.57; 95% CI 0.40 to 0.85) even after adjusting for age, BMI, duration of infertility, total testosterone level, and treatment groups (OR 0.58; 95% CI 0.40 to 0.85) ( Table 3) . Women with i-IFG had a higher rate of conception than women with normoglycemia (72.9% vs 65.4%; OR 1.43; 95% CI 1.05 to 1.95) even after adjustment (OR 1.38; 95% CI 1.001 to 1.91). The conception rate between women with IGT and women with normoglycemia was not statistically noteworthy. Although the number of embryos transferred was comparable among these three groups, the proportions of twin pregnancies among clinical pregnancies in women with preconception IGT were lower than those in women with normoglycemia (31.8% vs 44.4%; OR 0.59; 95% CI 0.40 to 0.85), even after adjustment (OR 0.65; 95% CI 0.44 to 0.95). There were no statistical differences in the proportion of twin pregnancy between women with i-IFG and women with normoglycemia or IGT.
Outcome of singleton pregnancies among women with preconception normoglycemia, i-IFG, and IGT Compared with women with preconception normoglycemia, women with preconception IGT had a higher rate of pregnancy loss (31.4% vs 19.8%; OR 1.85; 95% CI 1.12 to 3.13) and a lower rate of live birth (68.6% vs 80.1%; OR 0.54; 95% CI 0.33 to 0.90) ( Tables 2 and 3 ). However, after adjusting for age, BMI, duration of infertility, total testosterone level, and treatment groups, these differences became statistically nonsignificant (Table 3 ). Women with IGT had higher risks of gestational diabetes (9.5% vs 3.2%; OR 3.13; 95% CI 1.23 to 7.69) and LGA (34.7% vs 19.8%; OR 2.13; 95% CI 1.19 to 3.85) than women with normoglycemia, even after adjustment of age, BMI, duration of infertility, total testosterone level, and treatment groups. The risk of SGA was comparable between women with IGT and normoglycemia. None of the women with preconception c In singleton pregnancies, one woman with normoglycemia and one woman with i-IFG were lost to follow-up. In twin pregnancies, two women with normoglycemia were lost of follow-up. d P , 0.05 for the comparison between i-IFG and normoglycemia.
IGT, four women (1.4%) with normoglycemia, and four women (4.2%) with i-IFG developed pre-eclampsia (P = 0.066). Compared with women with preconception i-IFG, women with preconception IGT had a higher rate of pregnancy loss (31.4% vs 17.5%; OR 2.17; 95% CI 1.11 to 4.17) and a lower rate of live birth (68.6% vs 81.3%; OR 0.50; 95% CI 0.26 to 0.97). After adjustment for age, BMI, duration of infertility, total testosterone level, and treatment groups, the association between preconception IGT and pregnancy loss remained (OR 2.13; 95% CI 1.04 to 4.35). The risk of LGA was higher in women with IGT than women with i-IFG (34.7% vs 19.8%; OR 2.94; 95% CI 1.33 to 6.25), even after adjustment (OR 2.94; 95% CI 1.32 to 6.67). The risks of gestational diabetes and SGA were comparable between women with preconception IGT and i-IFG.
Compared with women with normoglycemia, women with i-IFG had a higher risk of gestational diabetes (9.4% vs 3.2%; OR 3.08; 95% CI 1.19 to 8.01) even after adjustment (OR 3.10; 95% CI 1.19 to 8.05). There was no statistical difference in the rates of pregnancy loss, live birth, gestational diabetes, pre-eclampsia, SGA, or LGA between women with i-IFG and women with normoglycemia.
Outcome of twin pregnancies among women with preconception normoglycemia, i-IFG, and IGT
The rates of pregnancy loss and live birth and the risks of pre-eclampsia, SGA, and LGA were comparable among women with preconception IGT, i-IFG, and normoglycemia before and after adjusting for age, BMI, duration of infertility, total testosterone level, and treatment groups. Women with IGT had a higher risk of gestational diabetes than women with normoglycemia (20.0% vs 3.2%; OR 7.69; 95% CI 2.78 to 20.00) and women with i-IFG (20.0% vs 5.8%; OR 4.00; 95% CI 1.19 to 14.29), even after adjustment.
Discussion
In women with PCOS, preconception IGT was associated with a higher risk of gestational diabetes in both singleton and twin pregnancies compared with normoglycemia and a higher risk of neonatal LGA in singleton pregnancies compared with normoglycemia or i-IFG. Women with preconception IGT also had a lower rate of conception and a higher rate of singleton pregnancy loss than women with i-IFG. After adjusting for age, BMI, duration of infertility, total testosterone level, and treatment groups (frozen vs fresh embryo transfer), these associations remained.
Gestational diabetes is one of the most common pregnancy complications, with evident effect on mothers and fetus (24) . Preconception fasting levels of glucose and insulin are predictors of gestational diabetes (8) . PCOS is characterized by intrinsic insulin resistance (25) . Women with PCOS and IGT had even higher serum levels of fasting and 2-hour insulin than patients with normoglycemia and had a higher level of 2-hour insulin than women with i-IFG. Women with PCOS have an increased risk of gestational diabetes compared with non-PCOS controls, independent of BMI (26) . However, studies of adequate size are lacking that prospectively evaluated the association between preconception glucose-metabolic status determined by OGTT and the risk of gestational diabetes. In this study, we found preconception IGT and i-IFG had a similar risk of gestational diabetes in singleton pregnancies, which was higher than that in women with normoglycemia even after adjusting for age, BMI and other confounders. In twin pregnancies, the risk of gestational diabetes was dramatically increased in women with preconception IGT compared with women with i-IFG or normoglycemia. The underlying mechanism is unclear. However, IGT is primarily due to systemic insulin resistance coupled with secondary b-cell decompensation, whereas i-IFG is mainly caused by stationary reduced insulin secretion followed by increased hepatic glycogen output (27) . Twin pregnancies have increased placenta mass and thus may have elevated hormones that exacerbate insulin resistance compared with singleton pregnancy (28) . Patients with IGT may be at greater risk for b-cell decompensation than patients with i-IFG when they are confronted with the larger challenge of twin pregnancy. Observational studies suggested the risk of gestational diabetes in women with PCOS could be reduced by metformin treatment during pregnancy; however, randomized controlled trials have failed to replicate this effect (29, 30) . It is possible that metformin may be most efficient in the subgroup of women with preconception dysglycemia (i.e., IGT or IFG). According to the Pedersen hypothesis, maternal hyperglycemia leads to fetal hyperglycemia, which induces an exaggerated fetal response to insulin and promotes fetal growth (31) . Maternal glucose levels even below the threshold of gestational diabetes were continuously associated with increased birth weight (31) . Our findings suggested preconception IGT was associated with a higher risk of having an LGA baby compared with women with normoglycemia and i-IFG. The underlying mechanism is likely related to sustained maternal glucose levels after meals during pregnancy, leading to greater fetal integrated glucose levels (9) .
Preconception IGT was associated with a lower rate of conception and a higher rate of singleton pregnancy loss compared with i-IFG, independent of age and BMI. Women with i-IFG had a higher rate of conception than women with normoglycemia. The favorable effect of preconception i-IFG on conception and pregnancy loss seemed to be at least partly mediated through improving endometrial receptivity, though the exact mechanism is still unknown. In this study, we found the endometrial thickness before fresh and frozen embryo transfer was higher in women with i-IFG than in women with IGT or normoglycemia. Although both are intermediate states of abnormal glucose regulation between normoglycemia and diabetes, IGT and IFG have different sites of insulin resistance (32) . On dynamic tests of insulin action, IGT primarily is characterized by moderate to severe muscle insulin resistance and normal to slightly reduced hepatic insulin sensitivity, whereas IFG mainly has hepatic insulin resistance and thus increased hepatic glucose output and normal muscle insulin sensitivity (27, 33) . Insulin promotes cellular mitogenesis and endometrial proliferation during the proliferative phase and accelerates glucose uptake and glycogen synthesis during the secretory phase (34) . It is possible that the state of insulin sensitivity at the endometrium may vary between IGT and i-IFG. Perhaps endometrial insulin sensitivity remains normal in i-IFG with increased endometrial proliferation and thickness on ultrasound but decreases in IGT; further studies are warranted. In women with PCOS who underwent in vitro maturation (i.e., no ovarian stimulation but removal of the oocyte from the antral follicle and maturing in vitro), Chang et al. (35) found women with insulin resistance had similar rates of oocyte maturation and blastocyst formation, but lower rates of implantation and clinical pregnancy than women without insulin resistance, suggesting the adverse effect of insulin resistance on endometrial development. However, the rate of pregnancy loss in twin pregnancies was comparable between IGT and i-IFG. Because most of the women in this study received a double embryo transfer, those who obtained twin pregnancies may have a more favorable uterine environment than women who had singleton pregnancy. The adverse effect of IGT on pregnancy may be diluted by the favorable implantation milieu in twin pregnancies.
The strength of this study included a large sample size, prospective design, and the multicenter setting, which enhanced the validity and extrapolation of the results. Additionally, all subjects in this study received uniform infertility treatment (i.e., standardized procedures of ovarian stimulation, embryo selection, embryo transfer, and luteal phase support), which reduced the confounding effect on pregnancy outcome by varied intervention. There were also limitations in this study. First, our study was underpowered to detect the effect of glucose intolerance on pre-eclampsia, as only one woman with preconception IGT developed pre-eclampsia during pregnancy. Second, we did not track the dynamic change of glucose levels before, during, and after pregnancy. The pragmatic design of this study precluded an explanation of the underlying mechanism of our findings, leading us to speculate. Third, we did not collect information on the family history of type 2 diabetes mellitus and the level of sex hormone-binding globulin, which may be confounders of the effect of IGT on pregnancy outcomes (8) . The hyperandrogenemia was assessed by total testosterone run in local laboratories on platform immunoassays in this study; however, free testosterone or free androgen index, especially as measured by liquid chromatography-mass spectrometry, may be more sensitive for the diagnosis of hyperandrogenemia (36) . Future studies addressing these issues are needed. Finally, the participants in this study were women with PCOS undergoing their first cycle of IVF. We should be cautious when generalizing the findings to women who are undergoing multiple cycles of IVF because they may have more severe reproductive dysfunction and worsened metabolic profiles. Similarly, we should be cautious when generalizing the findings to women who conceive spontaneously without assistance, as they are less likely to have reproductive or metabolic dysfunction.
However, our finding that preconception IGT was associated with adverse pregnancy outcome supports the guideline by the Endocrine Society regarding screening diabetes and prediabetes with OGTT before fertility treatment in women with PCOS (17). Additionally, HbA 1c level has also been recommended as a diagnostic criterion for diabetes and prediabetes (21) and has been suggested as an alternative screening method for diabetes in women with PCOS (17), because HbA 1c level is more convenient to measure than OGTT and can reflect the plasma glucose level during 2 to 3 months before measurement. Targeted preconception HbA 1c level of ,7% or 6.5% is recommended for women with pre-existing diabetes by several guidelines (37) . Further studies are warranted to prospectively evaluate the association between preconception HbA 1c level and pregnancy outcome in women with PCOS.
In summary, in women with PCOS, preconception IGT was associated with a higher risk of gestational diabetes in both singleton and twin pregnancies and a higher risk of neonatal LGA compared with normoglycemia and also associated with a lower rate conception and a higher rate of singleton pregnancy loss compared with i-IFG, independent from BMI.
